Here, in this supplementary information, we present details of the experimental technique of optical-pump THz-probe spectroscopy and characterization of the pump-induced conductivity change in the metamaterial-free graphene layer as a control sample.
I. Experimental Setup
Ultrafast optical pump and THz probe experiment were performed with an 800 nm pump and broadband THz probe as shown in Fig. S1 . For most optical pump and THz probe spectroscopy, it is necessary to use a few μJ-level of pump energy to fill the relatively large (mm-scale) THz spot size. Based on 250 kHz repetition rate, the laser system provides us with a balanced weight between signal sensitivity and sufficient pump-pulse excitation energy. For THz generation, the radiation covering from 0.2 to 3 THz is produced by difference frequency mixing in ZnTe. The polarizations of THz and the sampling pulse are controlled by λ/2-wave plates before each crystal. Although the electric field of each laser pulse has the same envelope, the phase between the envelope and the carrier wave generally is independent of the absolute phase of the input pulse and 
II. Nonequalibrium conductivity of metamaterial-free graphene layer
Refractive index modulation of the graphene metamaterial is directly related to the conductivity change in the graphene layer (hereafter, we call this graphene layer 'metamaterial-patterned graphene' because the hexagonal metallic array has patterned directly onto the graphene layer). Assuming that the metamaterial-patterned graphene is composed of multi-stacked and optically thin layers, we directly extract the optical conductivity change of the metamaterial-patterned graphene layer from the pump-induced THz field change 1 . We have checked that there was no pump-induced THz field change in the graphene-free metamaterial (right panel in Fig. S2a ). In addition, we clarify the effect of resonating metallic structures (i.e., metamaterial) by comparing the conductivity change in the metamaterial-patterned graphene with newly-fabricated metamaterial-free graphene where both graphene layers are obtained from the same batch, and ensured that the pump-induced conductivity changes arise only when the graphene layer is embedded in the sample. 
